(Submitted for publication November 16, 1960; accepted January 19, 1961) Occlusion of the right or left pulmonary artery forces the opposite lung to perform the total gas exchange. The alveolar ventilation of the one functioning lung must increase if it is to maintain normal arterial blood oxygen and carbon dioxide tensions (1) . One would predict that total ventilation would increase about 80 to 90 per cent to achieve the necessary increase in alveolar ventilation. S6derholm , however, found only a 30 per cent increase in total ventilation when one pulmonary artery was occluded even though arterial blood oxygen saturation, carbon dioxide tension and pH did not change (2) . Other investigators (3, 4) have noted even smaller changes in total ventilation during temporary unilateral pulmonary arterial occlusion (TUPAO). If tidal volume, frequency of breathing and oxygen consumption remain the same, these findings could be explained only if some or all of the ventilation of the nonperfused lung were shifted to the functioning lung.
Moore, Humphreys and Cochran (5) have shown that such a shift of ventilation did occur in most dogs when one pulmonary artery was occluded by tightening a ligature brought out through the chest wall. They attributed this shift to a loss of erectile support of the vascular bed in the lung. Venrath, Rotthoff, Valentin and Bolt (6) also reported a redistribution of ventilation in dogs when one pulmonary artery was occluded by a balloon. They believed that the shift was caused by the low CO, on the nonperfused side, which is consistent with Nisell's observation (7) that bronchoconstriction occurred in excised cat lungs * This investigation was supported in part by a research grant (H-4029) from the National Heart Institute.
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§ Research Fellow of the American Heart Association. Present address: Dept. of Physiology, Medical School, Univ. of the Philippines, Herran, Manila. when alveolar CO, was reduced. On the other hand, Folkow and Pappenheimer (8), Julian, Travis, Robin and Crump (9) , and Carlens, Hanson and Nordenstr6m (10) found no significant shift of ventilation during TUPAO.
We decided to reinvestigate the effect of unilateral cessation of pulmonary blood flow on the distribution of ventilation in dogs and man. In dogs (11) we have confirmed the findings of Nisell and of Venrath and co-workers that the low alveolar Pco, in the lung with no pulmonary arterial blood flow produces bronchoconstriction which results in redistribution of ventilation favoring the opposite lung. Our present studies indicate that such redistribution also occurs in man during TUPAO and is initiated by the same mechanism-i.e., the decrease in alveolar PCO2 in the nonperfused lung.
METHODS AND MATERIALS
The plan of the investigation involved a) studies during and after temporary unilateral pulmonary arterial occlusion in patients before bronchospirometry and b) repetition of the studies in the same patients during bronchospirometry. In order to determine whether venous to arterial shunts were present during the vascular occlusion, we gave two patients (O.B. and A.G.) pure oxygen to breathe for 20 minutes before we deflated the balloon; they continued to breathe oxygen during and after balloon deflation. We measured the oxygen tension of arterial blood (12) just before deflation and 1 minute afterwards. Finally, to determine whether shunts were due to easily reversible atelectasis, we asked the patients to take several deep breaths and repeated the measurement of arterial blood P02.
Studies during brontchospironmetry. At the completion of the previous studies, we injected intravenously 0.75 to 1.0 mg of atropine sulfate and 75 to 100 mg of pentobarbital sodium as premedication for bronchospirometry.
The patient then sat up and we anesthetized his airway with 1 per cent tetracaine, and passed a Carlens catheter (French 41) by indirect laryngoscopy. With the patient again supine and breathing air, we collected expired gas from each lung simultaneously in meteorologic balloons. We noted the time of collection and the respiratory rate so that we could calculate mean tidal volume. We determined the oxygen uptake, carbon dioxide output, minute and tidal volumes of each lung. Under fluoroscopic control we then reoccluded the pulmonary artery to one lung and repeated the above studies.
We then measured the anatomic dead space in each lung in sequence, starting with the perfused lung. During each determination, a sample of systemic arterial blood was drawn for measurement of CO. tension. Low tidal volumes, especially on the side of the pulmonary arterial occlusion, made measurements of the anatomic dead space difficult, but they were nevertheless reproducible within a limit of 5 ml.' While monitoring CO2 and air flow of the lung with a blocked pulmonary artery, we then deflated the occluding balloon. Figure 1 shows an example of the increase in alveolar (end tidal) CO2 We again measured anatomic dead space on each side. The time between the dead space measurements of the right and left lung during either the control period of unilateral pulmonary arterial occlusion was less than 5 minutes.
In the last two patients (E.T. and E.P.) we tested the effect of administering 6 per cent CO2 (in air or oxygen) uptake data showed that the occlusion was not always complete, even when an allowance was made for an enlarged bronchial collateral flow of blood and the mild hypoxemia associated with the patient's disease and the nature of the procedure (see Discussion).' to the unperfused lung to determine the effect of changing concentrations of CO2 on the distribution of tidal volume between the two lungs. Table III shows the results of TUPAO during bronchospirometry in nine patients. The total ventilation (mean) increased 22 per cent; however, the ventilation of the lung with the occluded pulmonary artery was only 29 per cent of the total as compared with a control value of 44 per cent. The anatomic dead space of that lung also decreased. When 6 per cent CO2 in air or oxygen was breathed by the unperfused lung (Patients E.T. and E.P.), the fraction of the total ventilation of that lung returned to control values.
RESULTS

DISCUSSION
Unilateral pulmonary arterial obstruction in a normal individual must create a considerable increase in physiologic dead space, if ventilation of alveoli on this side continues. Under these conditions, total ventilation should increase about 80 per cent to maintain normal 02 and CO2 tensions in systemic arterial blood. Nevertheless, previous investigators (2-4) have not found an increase in total ventilation of the magnitude predicted, and our study confirms this.
There are several possible ways of explaining how arterial blood O., and CO2 tensions can remain normal during TUPAO with little or no increase in over-all ventilation.
1. The pulmonary circulation may have been occluded by disease before the balloon occlusion. This was not true in our patients; bronchospirometric studies showed that the 02 consumption of the experimental lung averaged 44 per cent of the total for the two lungs in the control period, and in only one patient (E.P.) was it less than 30 per cent of the total.
2. TUPAO may be accompanied by a decrease in body metabolism which occurs either coincidentally (change in environment) or by some reflex action. A decrease in O. consumption may be responsible in part in Patients L.P. (Table II) and L.M. (Table III) , but the mean values of°2 consumption were only 8 per cent lower than during the control period, which could not explain the data observed.
3. Breathing may change to a slower and deeper pattern so that alveolar ventilation may increase, although over-all minute ventilation does not. This mechanism may afford a partial explanation in Patient A.D. (Table II) , but in the other patients there was either little change in respiratory frequency or there was an increase.
4. Anatomic dead space may decrease. The mean value decreased from 121 to 110 ml during TUPAO. This change is too small to explain the data observed.
5. Redistribution of inspired air may occur so that a large fraction of it enters perfused alveoli and little enters the nonperfused lung.
We believe that the major factor in the maintenance of normal arterial blood 02 and CO2 tensions during TUPAO is a redistribution of inspired air. The data obtained during bronchospirometry show unequivocally that the percentage of inspired air directed to the nonperfused lung decreases (mean decrease from 45 to 29 per cent) and that to the other lung increases (mean increase from 55 to 71 per cent). There is a suggestion that the shift is more effective when the airway is not divided, since the change in total ventilation was less than that noted during bronchospirometry. Atropine, used as premedication for bronchospirometry. may act to prevent bronchoconstriction, since it is known to increase the anatomic dead space (14) . However, in our animal studies, atropine did not alter the ventilatory shift associated with the unilateral occlusion ( 11 ). Topical anesthesia may also play a role. It is also possible that the procedure of bronchospirometry leads to an increase in sympathetic nervous system activity and that this tends to decrease the response. We have been able to block the response completely by administering isoproterenol as an aerosol to the side with the arterial occlusion or by infusing epinephrine into the main pulmonary artery in animals ( 11 ) . A mechanism such as this may have been responsible for the negative results in some previous studies in dogs (9) and patients (10) . Patient J.J. failed to show any decrease in his ipsilateral tidal volume during TUPAO; his mean systemic arterial pressure rose gradually from a normal level to 150 mm Hg during bronchospirometry and TUPAO.
The mechanism responsible for the redistribution of inspired air in man appears to be the same as in the dog: TUPAO leads to decreased elimination of CO2 ipsilaterally and to a decrease in alveolar CO2 tension; this in turn leads to bronchoconstriction. Addition of CO2 to the gas inspired 832 by the experimental lung, so that its alveolar Pco, remains normal despite TUPAO, prevents the redistribution (6, 7, 11) . Pressure upon the bronchus by the inflated balloon in the pulmonary artery cannot be responsible, because bronchograms in two subjects could not demonstrate any encroachment upon the airway near the balloon (Figure 2) . The low pressure distal to the occluding balloon in the pulmonary artery does not initiate the redistribution, as was postulated by Moore and colleagues (5), because the shift fails to occur when the balloon is inflated if the inspired gas contains 6 per cent CO2 (11) .
Airway-narrowing during TUPAO can proceed to the point of atelectasis. When we deflated the occluding balloon in two patients breathing oxygen, the systemic arterial blood 02 tension decreased abruptly, indicating that there was a pulmonary arterial to venous shunt on that side. Since the arterial Po2 rose to or toward control values after deep breathing, we suspect that the shunt was through atelectatic regions which could be opened up by voluntary hyperinflation (Table  IV) .
Unilateral bronchoconstriction may also be re- sponsible for delayed exhalation by the involved lung. This was suggested by the alteration in the "alveolar plateau" (when expired CO2 was monitored at high paper speed) during unilateral pulmonary arterial occlusion in some of the patients.
As can be seen in Figure 3 , the normal slight upward slope of the alveolar plateau was changed to an irregular downward sloping pattern, somewhat similar to that described by West and Hugh-Jones in studies in animals (15). We were not always able to eliminate the oxygen uptake on the side of the TUPAO. Despite roentgenographic confirmation of the position of the balloon, the blockade was probably incomplete in two cases (J.J. and N.P., Table III arterial oxygen tension or saturation before vascular occlusion when the airway was undivided. The CO2 output of the "unperfused" lung was consistently greater (mean of 9 per cent of the bilateral CO2 output) than the contribution of that lung to the total oxygen uptake. The high respiratory quotient resulting is explainable on the basis of the high CO2 gradient and ready diffusibility of this gas from the bronchial collateral (systemic arterial) blood to the alveoli of the lung whose supply of mixed venous blood is blocked. SUMMARY 1. In eight patients with chronic lung disease, studied during and after temporary unilateral pulmonary arterial occlusion (TUPAO) in order to determine the ventilatory response to one-sided obstruction of the flow of mixed venous blood: a) On the average, the total ventilation was unchanged. b) At the same time, the mean arterial Pco2 did not rise, indicating that alveolar hypoventilation had not occurred. c) The physiologic dead space increased less than might have been expected considering that 45 per cent of the total ventilation and oxygen uptake was originally performed by the lung whose pulmonary artery was later blocked. d) In several cases the "alveolar plateau" of CO2 became irregular during the occlusion and sloped downward; this was interpreted as delayed emptying of the lung whose CO2 output was curtailed from lack of perfusion.
2. In nine patients, studied by bronchospirometry and unilateral pulmonary arterial occlusion: a) After obstructing the flow of blood to one lung the tidal volume of that lung decreased so that its contribution to the total ventilation diminished from a mean of 45 to 29 per cent during the occlusion. b) During unilateral pulmonary arterial occlusion the anatomic dead space in that lung (below the carina) decreased from a mean of 31 ml before, to 19 ml during occlusion. c) Although the total ventilation increased by a mean of 22 per cent, under these circumstances the shift in the distribution of ventilation allowed the contralateral lung to increase its ventilation by a mean value of 63 per cent (5.73 L per minute before, 9 .32 during occlusion); the normal arterial PCO2 figures (mean of 38 before, 40 mm Hg during) attest to the magnitude of this shift. d) Allowing the "unperfused" lung to breathe 6 per cent CO2 in two cases resulted in a return to the preocclusion values for distribution of inspired gas to the right and left lungs.
3. We suggest that the immediate reduction of ventilation in one lung following the occlusion of its pulmonary artery is due to bronchoconstriction which occurs in response to local airway hypocapnia and leads to regional atelectasis.
